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The TOPEX/POSHIDON satellite is maintained in a nearly circular, frozen orbit (e = 0.000095, 0): 907 at
an altitude of =1336 k. and an inclination of i = 66.04’, which pravides an exact repeal ground track
cvery 1 27 1evolutions (= 9.9 days) and vy flics two altimetr y verification silts.  Oibit maintenance
mancuvers are required to recover orbital decay due to drag arid ground track drift due to luni-solar
gravity. Satellite fixed forces, which may incl ud ¢ oulgasing, or fuel leakage, produce a continuous
thr ust on the order of micro newtons, and constitute the largest uncer tainty to mancuver design.
Mancuver tmgeting strategics were redesighed in flight to incorporate the effects of this unexpected
perturbation, These new targeting strategics are currently being used to design and implement ground
track maintenance mancuvers. Othwer o tots include drag prediction uncer tainty, mancuver exeeution
cnors, and o1bit determination errors. Maneuver targeting incorporates all of these enrors. Since
acquiting the operational o1bit on Sepol. 25,1992, the ground track has been maintained
withgtz 0.1 Skm.and o : 0.30kn. Over W% of the more than 1600 nodal crossings which occurred
dwing this time have been within the 27 km reference bandwidth, well exceeding mission
requirements.”™ This paper will deseribe our success a maintaining the operational ground track. The
mainichance of the groundtrack a the ascending nodes as well as at the verification sites Will be
discussed separately in some detail. Maneuvers which have been performed will be discussed, interms
of the targeling strategy used and the successes thereof, Successes and failures of the planned targeting
stiategics Will be examined, and modifications to the mancuver targcting strategics which have been
developed and implemented since Jlaunch will be described.

INTRODUCTION

TOPEX/POS EIDON was launched by an Ariane 4?17 on August 10, 1992 with injection occurring, at
23:27:05 UTC, approximatel y 19 min, 57 sec afterlift off. s goal is to delermine occansur face height to
an accutacy of 13 em. (30) utilizing a combination of satellite altimetry data and precision orbit
determination. The mission profile is organized into the following phases: assessment, initial verification,
obser vational, and extended observational [Car lisle 1991 1. Assessmentinvolved anintense period Of
satellite perfor mance assessment and calibration, sensor initialization, and acquisition of the operational
o1bit. Six mancuvers were perfor med duting the assessment phase to acquire the operational orbit.
These mancuvers raised and circularized the orbit, removed inclination crrors induced by the Taunch
vehicle, and synchronized the ground tiack with the reference grid and two ver ification sites [Bhat 1993].
The initial verification phase involves sensor calibration with in-sifu data at the verification sites and the
assessment of geophysical parameters through flight data analysis, Satellite tracking, and laser ranging,
data arc usedto petform precision orbit determination and t ime the gravity field and other force models
used during, the remainder of the mission. While this verification process will continue throughout the
mission, the initial ver ification process established the baseline for accurate data processing,. This six-
monthlong phasc began with the acquisition of the operational orbit and made a smooth transition into
the obser vational phase. Orbit maintenance activities began with initial verification phase and will
continue throughout the mission.
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The observational phase Coincides with the satellite design lifetime of three years and the extended
obscrvational phase anadditionaltwo years. The primary aclivities during the obscrvational phase are
the production and distribution of scientific data and the maintenance of the satellite in a state that allows
the datato meet all mission objectives.  Scientific data is distiibuledinthe form of Geophysical Data
Records (GIIR) containing sca surface height, sensor corrections, and geophysical information. To
facilitate this mission, the satellite is maintained in a nearly circular, frozen orbit (e = 0.000095, o = 90°) at
analtitude of =1336 kin.and an inclination of i = 66,04”. This orbit provides an exactrepeat ground track
cvery 127 revolutions (= 9.9 days) andoveiflics two altimeter verification sites: @ NASA site off the coast
of Point Conception, ('California (latitude 34,46910 N, longitude 1?2().68()81” W), and a CNES site near the
islands of 1 .ampione and Lampedusa in the Mediterrancan Sca (latitude 35.54649” N, longitude
12.32054 °t).

The TOPHX/POSEIDON operational orbit is given by [Bhat 1993} and was acquired on Sept. 25, 1992.
This operational orbit was defined to produce a ground track which repeats every 127 orbits and over flies
both verification sites in the absence of non-gravitational perturbations [Vincent 1990A]. An orbit with an
exaclrepeat ground tiack is obtained by selecting, the orbital clements g, 7, and £2 so that the sub-satellite
ground track repeats with the desired fi equency and carth trace density [Karrenberg et. al. 1969]. The
originalreference o1 bit was designed [ Vincent 1990B] using, a 17x17 subset of the GEM-172 gravity field
[Marsh ctal. 1989]. Since it was laterdetermined that a 20x20 subscet of GEM-13 [1erchet. al. 1992) was
the minimum ficld size sufficientfor orbit dcter mination with the required accuracy, the reference orbit
was tuncd priorto launch.  The trajectory generationmodule of the 1110 double precision trajector y
system (1 OPTRAJ) was used to tune the osculating clements of the reference orbit. DPTRA]J utilizes a
predictor-corrector integrator with automatic siep size control [Spier, 1971; DPTRA], 1971). This
numetical integrator is also used for operational trajectory generation and has the capability of
incorporating all relevant per turbing, sources including Earth oblateness, luni-solar gravity, at mosphetic
drag, solar vadiation pressure, solid carthtides, polar motion, precession, and nutation.

This paper will describe our success at maintaining the operational ground track. The maintenance of the
ground tiack at the ascending nodes as well as the over flight success will be discussed separately in
some detail. Mancuvers which have been performed will be discussed in terms of the targeting, strategy
used and the successes thereof. Successes and failures of the planned targeting, strategics will be
examined, and modifications to the mancuver targeting, strategies which have been developed and
implemented since launch will be described.  In particular, changes in the mancuver targeting, strategy
which were made necessary by an unpredicted along-track satellite-fixed force will be discussed in some
detail. The new mancuver largeling, stralegy which has been developed and is currently in use will be
presented.

MANIEUVER REQUIREMENTS

Periodic orbit adjustiment mancuvers are required to maintain the ground track and ensure that all
vetification site over flight requirements are et They must occur on an interference-free basis with
scientific data acquisition and precision orbit determination (’°OD). Specific  requirements can be
summarized as follows [MSR1) 1989]:

1) Maintenance of the operational orbit so that at least 95% of all equatorial crossings at
cach orbit node are contained within a 2 ki longitude band.

?) Maintenance of the operational orbit during the initial verification phases so that it
overflies designated locations at {wo verification sites withind Tkm on at least 95% of
the planned over flights.

3) Maintain the cceentricity e < 0,001, This requirement is autor natically met by
utilization of the frozen orbit, which is not per se a mission requirement.




4) Perform the minimum practical number of orbit maintenance mancuvers during, the
initial verification phase, with a minimum of 30 days between mancuvers with 95%

probability and whenever the 81-day incan 10.7 om solar flux satisfics Jiq, <225,

5) Orbit maintenance mancuvers are 10 be performed as nearly as possible to the
transition between 127-orbit repeat cycles (41 rev).

6) The spacing between mancuvers shall be as large as possible during the observational
phasc of the mission.

7) Maintenance mancuvers are to be performed over land wherever possible.
Requirements b and 7 are facilitated by defining revolution 1 of the 127-orbit as that
revolution which has the most land over flights.

in addition to the above mission requirements, mancuvers may not under any conditions compromise
satellite hcalthand safety. Thislcadsto additional restrictions on the timing of mancuvers and the
scequence of evends required for mancuver implementation. The primary restrictions are due to thermal,
power, and satellite attitude control constraints and capabilitics

MANLEUVER DESIGN

‘The propulsion module is a mono-propellant hydrazine blow-down system consisting, of twelve 1-NT (0.2
Ibf) and four 22-N'T" (6-1bf) thrusters. 1t was designed o provide sufficient thrust and directional control
to meet all orbit adjust and maintenance mancuver requirements, including related attitude control. The
22-NT thrasters and four of the 1-N'T thrusters are mounted on the aft facing of the satellite. Each of these
thrusters is oriented axially along, the x-axis and individually canted to be aligned through the center of
mass at the beginning of life when the propellant tanks are full. Large orbit adjust mancuvers (> 400
mm/scc) are performed using the 22-N7T thrusters, whereas the much smaller orbit maintenance
mancuvers (typically < 10 mm/sec) use a single pair of 1-NT thrusters. The remaining eight 1-NT
thrusters are mounted normal to the satellite x-axis to provide attitude control about any of the three
body axcs.

There are two modces of operation in which the on-board software maintains attitude control while in
orbit adjust mode. The primary mode is the open loop firing pattern, which uses four thrusters.  In this
mode, an open-loop off-pulsing, of axial thrusters to account for anticipated disturbance torques imparted
by thruster/center-of-mass offsets is used.  All four thrasters (cither 22 nt. or 1 N'T) must be used in this
modec. If the established pitch or yaw angle or 1ate control limits are exceeded during the burn, orbit
adjustment thrusters and the open loop firing patiern are disabled, and the 1-N'T' thrusters are used to re-
establish attitude control. The mancuver is resuined as soon as attitude control is reestablished. In the
sccondary mode, only two oppositely-located orbit adjustment thrusters are utilized, and no open loop
firing paticrn is used.

in normal mission mode, the attitude determination and control systemn maintains the satellite in a stable
attitude about all three axes while keeping the z-axis pointed along the local nadir. Near continuous yaw
steering about the local nadir and solar panel pitching are utilized to maintain the dominant 28m? solar
pane] pointed toward the sun for power optimization. The solar allay is continuously pitched, with an
offset from the truesun line to control the battery charging, rate. ‘1 ‘his cent rolst ra tegy requires the weekly
loading, of satellite ephemerides into the onboard computer (OBC). T'his ephemeris load consists of a 42-
term Fourier power series expansion of cach of the six Cartesian state vector components, fit for a 10-day
span, andresiduals at 10 minute intervals for the first 30 hours of theload. T'he OBC recovers this
cphemet is by evaluating the Fourier series at fourconsecutive grid points, adding residuals if available,
and performing, a four-point Hermite polynomialinter polation. This state vector is then used to define
the desired attitude, expressed as a targel quaternion.  The attitude is maintained by nulling the
difference between the actual, as measured by the inertial reference unit, and the target quaternions using,
reaction wheels.




Fig. 1 illustrates the furn-burn-turn sequence used to perform an orbit adjustment mancuver:

1) Suspend nominal attitude controland yaw stecring,

2) Slew the satellite to the bias attitude which accounts for the cants of the thrusters and
the desived thrust divecltions.

3) Forlarge maneuvers (requiring the 22-N'T" thrusters), rotate {he solar array to a 900 o1
?70” pitch position as stop solarariay pitching,

4) Exccule the AV.

5) Return the solar array to sun pointing,.

6) Unwind the atlitude.

7) Return at titude cent rolto normal mission mode.,

Figure 1.
Maintenance mancuver timeline, illustrating the turn-burn-turn sequence.
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GTARG, which utilizes a mcan clement propagator including all perturbations that cause sighificant
variations inthe satellite ground track, is used for mancuver targeting, [Shapiro & Bhat 19931, Two
targeting strategies arc utilized: (1) maximization of the time bet ween mancu vers (longitude targeling); or
(2) pre-selection of the minimum time interval between maneuvers (fime targeting). The mean element
propagationincludes the effects of Farth renal harmonics through Jyg, luni-solar gravity, and drag. An
orbital average to Jacchia-Roberts model is used to determine atmospheric density. Solar flux (F107) and
geomagnetic parameter (K)) predictions arc based on the daily SESC 3-day and weekly 27-clay outlook.
‘1 'he latest outlooks are combined with obscrved data to gencerate a merged 27-da y data set. Missing data
arc determined by lincar interpolation. The solar flux is then extrapolated by repeating the merged data
scl as required for the prediction span.  The 81 -day centered average £10.7 is calculated from the
extrapolated values of F .. The geomagnelic data are extrapolated at a constant value equal to the
average K, over the first 27 days. A variable mcanarcamodel is used to determine the average drag arca
over an orbil. Mancuvers are modeled impulsively.  Error models incorporate the effects of drag
prediclion uncerlainty, orbit determination errors, and mancuver execution errors.



UNPREDICTED Al ONG-TRACK SATELLITE-FIXED FORCE

Analysis of tracking data indicates the existence of an unmodeled along-track force acting upon the satellite
[Trauenholz 1993). The magnitude of this along-track force is equivalent to that of a continuous thrust on
the order of micro-newtons. The direction and magnitude are a function of the satellite attitude and f87,
the angle between the orbit plane and the Earth-sun line, This indicates a satellite-fixed force; suggestied
causcs may be some combination of leakage, outgassing, and a radiative (infrared) force due to a thermal
gradient between the two sides of the solar array.

The along-track satellite fixed force results in a change of the semi-major axis of approximately of 3-10
cm/day during yaw steering and 25-30 em/day during the fixed yaw periods afler the effects of all other
known forces, including drag, are taken into account. During, yaw steering, the along-track salellite fixed
force produces a positive da/dl during, periods of negative 87 and a negative da/dt during periods of
positive . The satellite is held at fixed yaw for a 10 to 15 day period around f#”= 0; the yaw orientation
is reversed by 180° at the zero point. These fi7: 0 points occur at approximately 56 day intervals. The
direction of dafdi has been observed to reverse at the yaw flip. Significant attenuation of the along-track
satellite fixed force  during the fixed yaw period can be made by adjusting the solar array lead or lag angle
(subject to satellite power and thermal constraints) to use thermal radiative and solar pressure forces to
best advantlage. Drag produces a decay = 5 - 15 em/day, and hence the along-track salellite fixed force has
the same magnitude of effect upon the orbit as the largest orbital perturbation. The effect of the along-
track satellite fixed force is described in much greater detail elsewhere [Trauenholz 1993).

MODIFICATIONS ‘170 MANEUVER TARGETING STRATEGY

Earlier analysis [Bhat, Frauenholz and Cannell, 1989} indicated that density estimation errors would
strongly dominate the ground track prediction at all times except during the lowest period of solar flux
(1”0~ = ‘lo). As such, a simplelongitude targeting, strategy incorporating the 195% anticipated errors
(1 .6453) in all crrorsourcesshouldbe used. This strategy biases thetargeted groundtrack eastward so
that the 95% envelope is made just tangentio the western edge of the control band.,

GTARG was modifiedto incorporate the alone-track satellite-fixed force via a table look-up model. The
table consists of a list of daily da/dt values. The error model was correspondingly mod if id. Starting,
from the equation (12) of [Frauenholz and Shapiro 1991] dAA/da=3w,t/2a, where AZ is the ground
track, and introducing a boost of Az once per orbit for N orbits, then after a time f = NP,

OAA 3w, 30,17 \[“ R
T so oo Y P e it e 5 S0 (days) meters [ meter (1)
(70 Roost 2 a Z—]l 8n (I5 ( 3 )

The crrors predicied in this way arc root-sum-squared with the other error sources to produce the total
crror model for mancuver targeting,

Naively incorporating the error model of eq. (1) into longitude targeting leads to extremely conservative
mancuver desigh. An example is showninfig 2, which preforms simple longitude targeting, for orbit
maintenance mancuver 2 (OMM?2), which occurred onDee 21, 1992, Fig. 2 comparces the error
contributions duc to uncertainties indensity prediction along-track forces. The 1<8S envelope includes the
contributions of other error sources which are not shown [Bhat, Frauenholz, and Cannell, 1989]. ‘I'he
simple longitude targeting strategy produced a AV =2.6 mm/scc. using o = 1.7 cm/day for’ the
uncertainty inthe along-track satellite-fixed force, and nominal mission error budgets for all other
parameters. The large contribution of eq. (1) to the total error budget strongly dominates the targeting
after approximate] y 50 days. The ground track begins its final t rek cast ward at approximate] y day 60 and
leaves the control band some ?() days later; yetitis the continued quadratic increase of the error envelope



beyond this time that dominates the targeting. A larger mancuver magnitude, while violating the
longitude targeting constraint, would lead to a more even balance between the times at which the edge of
the control band are reached.

An additional complication {otargeting is introduced by the periods of fixed ya w, | during these periods,
the magnitudc of the along-track sfllcllife-fixed force is much larger than during the yaw steering period.
Furthermore, the direction of the force is determined by the placement of the ya w-flip, which nominally
occursatf3'=0.Yor OM M?, the magnit ude of the force could not be predicted inadvance, because the
orbital gecometry was one which had not yet been experienced during the mission.

Yigure 2
Targeted Ground 1°rack and Error Envelope for OM M2,
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The paper will explore the alternative targeting strategics which became necessary due to the unexpected
along-frack satellite-fixed force . The new concepts for mancuver targeting will be developed.

SUCCESS OF DENSITY PREDICTION ALGORITHM

The modified Jacchia-Roberls density prediction algorithms as described in [Frauenholz & Shapiro 1991 ]
requires the prediction of solar and gcomagnetic data 40 days into the futurcin order to calculate the
present density. Targeling requires predicted densities for periods onthe order of 100 to 200 days into the
future. Twoschemes for generated extended outlooks were comparedinthe earlier work. Oursuccess
at accurately predicting orbital density will be discussed interms of its relation to mancuver targeting

GROUND TRACK MAINTENANCE

The first part of this section will suramarize the mancuvers which have been performed to date in light of
the above analysis. These mancuvers are listed in table 1.

Table 1,
Ground track maintenance mancuvers.
OMM 4 Date AV, mm/sce Aa, meters Execution
Error
1 Qct. 12, 1992 943 20.2 3.64 %
2 Dec. 21,1992 3.15 6.8 -1.46 %
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Idealized Ground Track

Ignoring all perturbations with the exception of a constant drag force, and perturbing the exact repeat
orbit by a velocity increment AV, the ground track has been shown [Bhat, Frauenholz, and Cannell 1989]
to follow the parabolic path as shownin fig. 3a. While there are large period ic pert urbations on the
ground track duc toluni-solar gravity, with the exception of periods of extremely low solar activity, the
ground track is strongly dominated by drag. The relevant equations will be summarized in the paper.

Infig. 3a the ground track is constrained to remain within a control band defined longitudinally by limits
Al and Ay . The initial mancuver is performed at the castern edge of the control band and is targeted
so that the parabola is just tangent to, but docs not cross, the western edge of the controlband. A
subsequent maneuver is performedafter time 7, ... The probability that a node falls withinan
infinitesimal swath of width dAA at AA is proportionalto the time spent within the infinitesimal swath at
AX.The probability densit y function will be shown inthe paper to be given by

!
P(AL )dAA = - - dAd ?
(ad) 2,J(A%y;- My YAA - Aky) “

The mean value 4 and standard deviation 6 are

AA= (28R 4 Ady) ©)
o= ..g_,,
345

T'hus the node distribution will be heavil y skewed towards the western side of the control band, with a
mean value one third of the way into the band. For the idcalized TOPEX/POSE] DON ground t rack, 4;.:1
km. andAw=-1 km. The corresponding density function is shownin fig. 3b. The true nodal distribution
after multiple mancuvers will be more complex thanthe simple form giveninequation (2). Thisis
because mancuvers will not always occur precisely at A2, , the ground track will not always turn around
precisely at Ady, andthe ground track will deviate from the simple parabolic shape of fig 3 duc to luni-
solar and satellite-fixed forces.

(Al]g - Alur ) I 0998([\2,] - AZur) (4)

Figure 3.
Statistical distribution of ground track: (a) idealized ground track gecomet ry; (b) probability y density
function.
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The TOPEX/POSEIDON satellite ground track since enterin g the observation al orbit will be discussed in
this section. Fig. 4 shows the ground track as measured at the nodal crossings, and fig. 5 shows the
statistical distribution of thenodes. Deviations from the ideal ground track of fig. 3 are primarily ducto
the variability of the drag force duc to solar and geomagnelic activity, luni-solar gravity, central body
gravitational harmonics, and bocly-fixed forces. Other higher order perturbations, such as solar radiation
pressure, thermal gradients and satellite outgasing may also haveaneffect. The paper will explain the
reasoning, for performing mancuvers at the times shown, rather than at the ideal t imes 7,,,,, and will
discuss why the ground track deviates from the ideal theory of fig. 3.

Yigure 4
TOPEX/POSEIDON ground track. The vertical grid lines correspondto cycle boundaries.
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VERIFICATION S]'T'li OVERFLIGHTS

T'he closest approach x of the ground track to the verification site will be shownin the paper to satisfy
x20.72AA = 0.87d, where d is the longitudinal miss distance, measured at the site, and AA is the
longitudinal miss measured atthe equator. Thus maintaining the ground track at the nodes ensures that
the requirementatthe verification sites is also met. In fact, the ground track will be maintained nearly
30% more tightly at the sites than at the nodes. Furthermore, the longitudinal offset at the site exceeds the
distance of closest approach by approximate] y 13%. Addi tional complications arc introduced if there is a
inclination error, which will be discussedin the paper. Thelongitudinal offsets of the ground track at the
verification sites is shownin fig. 6. ‘I'his will be discussed in light of the carlier analysis.

Figure 6
TOPEX/POSEINON Ground ‘I'rack at the Verification Sites: (a) NASA,; (b) CNES. The longit udinal offset
as measured at the verification sight is shown.
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SUMMARY

Since attaining the operational orbit, the ground track has been maintained with p=0.15 km and o = 0.30
km. Over 97% of the more than 1600 nodal crossings which occurred during this time have been within
the ? 1 km reference bandwidth. The success of meeting mission requirements using the methods we
have developed andimplemented will be summarized. A simple longitude targeting strategy
incorporating the 2 95% anticipated crrors as a window on the predicted post-mancuver ground track,
was designed prior to launch. “I’his strategy was evaluated in orbit, and had to be modified 1o incorporate
the cffects of anunexpected satellite-fixed along-track force. While new strategies have beendeveloped
and successfully used in-orbit, the primary open question that remains is how well these strategies will
work inthe extremely low solar-activity regime of the approaching solar minimum. Earlier analysis
indicated that a heavier reliance on a t imc-targeting strategy would be necessary. Whether the earlier
conclusions are still valid, or needto be reexamined in light of the effect of the satellite-fixcct along-track
force is a subject for further analysis.
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